Extracellular superoxide dismutase (EC-SOD) is the major extracellular antioxidant enzyme. We have determined the primary structure of mouse EC-SOD by characterization of complementary DNA (cDNA) clones and by amino-acid sequence analysis of purified protein. cDNA sequence analysis indicates that mouse EC-SOD is synthesized as a 251-amino-acid precursor protein with a predicted molecular weight of 27,400 D. Amino-terminal micro sequence analysis of purified mature mouse lung EC-SOD demonstrated the sequence to begin with SSFDLADRLDPV-. These results indicate that EC-SOD as initially synthesized contains a 24-amino-acid precursor peptide, and that the mature protein is 227 amino acids in length. Computer algorithms that predict the most likely site of cotranslational signal peptidase cleavage suggest that processing will occur between amino acids 18 and 19 or 20 and 21, which implies that EC-SOD may be initially synthesized as a pre-pro-protein. Like human EC-SOD, mature mouse EC-SOD is glycosylated. The full-length mouse EC-SOD cDNA is 1,834 base pairs long and is 82% (79% for protein) identical to rat EC-SOD, but only 60% (60% for protein) identical to human EC-SOD. The mouse EC-SOD gene locus ( Sod3 ) was mapped by interspecific backcross haplotype analysis as being 0.9 Ϯ 0.9 centimorgans distal to the Qdpr locus on mouse Chromosome 5, a position suggesting that the human homologue of EC-SOD will map close to the human QDPR locus (4p15.3). Of nine tissues examined by Northern blot analysis, those of the kidney and lung are by far the major tissues that express EC-SOD messenger RNA. Using in situ hybridization in the mouse lung, we demonstrate EC-SOD gene expression to be highly localized to alveolar Type II epithelial cells. These data suggest that alveolar Type II cells play a central role in mediating EC-SOD antioxidant function in the lung. 
The enzymatic disproportionation or dismutation (Equation 1) of superoxide free-radical anion species by (1) . Since that discovery, a total of three genetically distinct mammalian isoforms of SOD have now been reported. SOD1, a copper-and zinccontaining SOD (CuZn-SOD), is localized primarily to cytoplasmic and nuclear compartments (2) (3) (4) . Its mapping to chromosome 21 (5) was important for the subsequent successful genetic linkage of mutations in SOD1 to hereditary forms of familial amyotrophic lateral sclerosis (6, 7) . SOD2, a manganese-containing SOD (Mn-SOD) is linked to human Chromosome 6 (8) and is found predominantly in mitochondria (9, 10) . SOD2 has been shown to play a major role in promoting cellular differentiation (11) , protecting against hyperoxic-induced pulmonary toxicity (12) , and providing cellular resistance to cytotoxicity by tumor necrosis factor (TNF) (13, 14) . By contrast, SOD3, or extracellular superoxide dismutase (EC-SOD), is the predominant extracellular antioxidant enzyme. EC-SOD has been found in serum and in cerebrospinal, ascitic, and synovial fluids (15, 16) . In some human tissues such as uterus, umbilical cord, placenta, and arteries, EC-SOD enzyme activity equals or exceeds that of CuZn-SOD and Mn-SOD (17, 18 ). An EC-SOD-like activity has been identified in every mammal examined thus far (19) . Human EC-SOD is a secretory, homotetrameric glycoprotein with a molecular weight of about 135,000 D (15, (20) (21) (22) . Affinity of EC-SOD for heparan sulfate proteoglycans located on cell surfaces and in the extracellular matrix is mediated by a cluster of positively charged amino acid residues located on the protein's COOH terminus (23) . Partial proteolytic removal of the COOH-terminal heparin-binding region occurs both in vitro and in vivo, and results in a heterogenous population of EC-SOD tetramers with varying affinity for heparin-Sepharose (17, 22, (24) (25) (26) . The Type A tetramer has all four subunits cleaved and demonstrates no affinity for heparin-Sepharose. Type B has partial cleavage and demonstrates intermediate binding. Type C has all four subunits intact and shows the highest affinity. Characterization of the human (27) and rat EC-SOD cDNAs (28) (29) (30) has shown DNA and amino-acid sequence homology to CuZn-SOD but not Mn-SOD. The human EC-SOD gene is distinct (31) , and has been regionally localized to Chromosome 4 (32) . Human EC-SOD is expressed by a variety of fibroblasts and glial cell lines grown in culture (33, 34) . Cytokines dramatically modulate EC-SOD gene expression (35) , but various forms of direct oxidant stresses do not (36) .
EC-SOD in the mouse lung is unique in that it is present at 10 times the levels seen in any of nine other mammalian species examined to date (19) . This EC-SOD has been shown to impart protection to oxidative stress in the lung, based on the finding that mice that lack EC-SOD activity are more sensitive to lethal levels of hyperoxia (37) . Although hyperoxia results in enhanced intracellular oxidant stress (38) , it is unclear by what mechanism(s) an extracellular antioxidant such as EC-SOD participates in this process. Characterization of the mouse EC-SOD gene should allow additional insights into the role of EC-SOD under normal and pathologic conditions in the lung. In the study described here, we cloned the complete mouse EC-SOD cDNA and determined its primary structure by amino-acid sequence analysis of highly purified mature protein product. Computer algorithms that predict the site of signal peptide cleavage suggest that the mouse EC-SOD protein may be initially synthesized as a pre-pro-protein.
Sod3 was mapped to a position 0.9 Ϯ 0.9 centimorgans distal to the Qdpr locus on mouse Chromosome 5. In the mouse lung, in situ hybridization data show EC-SOD to be highly expressed by alveolar Type II epithelial cells, which are critical in maintaining lung function. Total RNA Isolation, Reverse Transcripase-Polymerase Chain Reaction, and Multiple-Tissue Northern Blot Analysis Total RNA was purified from various mouse tissues, using the guanidium HCl method (39) . Initially, a partial mouse EC-SOD cDNA was cloned with the reverse transcriptasepolymerase chain reaction (RT-PCR). Primers were designed to be complementary to the recently cloned rat EC-SOD cDNA (28, 29) , and consisted of MF-1 (5 Ј -GAA-CCTCAGCCATGGTGGCC-3 Ј ), which corresponds to nucleotide positions 98 to 117, and MR-1 (5 Ј -GCTTAA-GTGGTCTTGCACTCG-3 Ј ), which corresponds to nucleotide positions 845 to 825. Total lung RNA (0.5 g) was reverse transcribed in a final volume of 20 l containing mouse reverse primer MR-1 (10 ng/ l), 1X RT buffer, and 0.5 units of moloney mouse leukemia virus (MMLV) RT, and incubated for 60 min at 37 Њ C. Five microliters of the RT mixture was PCR amplified, using MF-1 (10 ng/ l), MR-1 (10 ng/ml), 1.5 mM MgCl, 20 mM diethyl-p-nitrophenyl monothiophosphate (dNTP), and 0.5 units of TAQ polymerase. Cycling conditions consisted of a 95 Њ C melt for 40 s, followed by annealing at 52 Њ C for 30 s and extension at 72 Њ C for 45 s. Thirty-five cycles of three-step PCR were followed by a 5-min extension reaction at 72 Њ C. PCR products were analyzed with agarose gel electrophoresis and stained with ethidium bromide. The unique 750-bp PCR product was subcloned into the pCR II bacterial plasmid, using the TA Cloning Kit (InVitrogen, San Diego, CA) as recommended by the manufacturer. DNA sequencing of the 5 Ј and 3 Ј region confirmed the authenticity of this clone (ME/TA clone No. 3).
Materials and Methods

Materials and Radiochemicals
Fifteen micrograms of total RNA from various tissues were electrophoresed on a denaturing formaldehyde agarose gel, transferred to charged nylon membranes, and hybridized with 32 P-labeled sense and antisense mouse EC-SOD riboprobes as previously described (31) .
Isolation and DNA Sequencing of a Full-length EC-SOD cDNA from Mouse Lung A male/female combined B 6 CBA mouse lung cDNA library constructed in the Uni-Zap XR vector was purchased from Stratagene (La Jolla, CA) and probed with the partial mouse EC-SOD cDNA described earlier. Approximately 25,000 pfu were plated onto a lawn of XL1-Blue and grown overnight at 37 Њ C. Plaques were duplicatelifted onto charged nylon membranes (GeneScreen Plus; DuPont), incubated in 0.5 M NaOH for 2 min ( ϫ 2) and in 1 M Tris, pH 7.5, for 2 min ( ϫ 2), and baked in a vacuum oven at 80 Њ C for 2 h. The membranes were wetted in 2X standard saline citrate (SSC) buffer for 20 min at room temperature and subsequently prehybridized in 50% for-mamide, 0.25 M sodium phosphate (pH 7.2), 0.25 M NaCl, 1 mM ethylenediamine tetraacetic acid (EDTA), 7% sodium dodecylsulfate (SDS), and 5% polyethylene glycol (molecular weight: 8,000) for 1 h at 60 Њ C. The blot was hybridized overnight in the same buffer containing 0.85 ϫ 10 6 cpm/ml of 32 P-labeled ME/TA clone No. 3 RNA, generated by in vitro transcription of Xho I linearized, partiallength mouse EC-SOD cDNA with SP6 RNA polymerase in the presence of [ ␣ -32 P]CTP. After hybridization, the blots were washed in 2X SSC for 20 min at room temperature. This was followed by a second 30-min wash at 70 Њ C, using 0.25 M sodium phosphate (pH 7.2), 2% SDS, and 1 mM EDTA, and by a third 30-min wash at 70 Њ C using 0.4 M sodium phosphate (pH 7.2), 1% SDS, and 1 mM EDTA. Three positive clones were initially identified and further purified. Mouse clone 5A-27 was found to contain the largest DNA insert, and was used as a template for DNA sequencing.
The dideoxy sequencing method was employed, using double-stranded DNA as a template and Sequenase enzyme (United States Biochemicals), and both strands were completely sequenced with a double-stranded DNA sequencing protocol as previously described (40) . The reverse and T7 promoter primer were used to initiate DNA sequence data. Oligonucleotides derived from these initial sequencing data were synthesized approximately every 250 bp until the complete nucleotide sequence was obtained from both strands of DNA.
Amino Acid Sequencing of Purified Mature and Tryptic Peptides of Mouse Lung EC-SOD EC-SOD was purified from mouse lungs essentially as described for human EC-SOD, except that mono Q chromatography preceded the mono S chromatography step (41) . Briefly, mouse lungs were homogenized and EC-SOD initially purified by heparin-Sepharose affinity chromatography. Fractions containing SOD activity were collected and subjected to mono Q Sepharose followed by mono S Sepharose chromatography. EC-SOD specific activity was measured by inhibition of cytochrome c reduction at pH 10.0 as previously described (42) . Total protein was measured by absorption at 280 nm.
Purified EC-SOD (60 g) was subjected to SDS-PAGE in the presence of 10 mM dithiothreitol (DTT) and then transferred to Immobilon-P transfer membranes (Millipore, Bedford, MA) for NH 2 -terminal sequence analysis (43) . Internal sequence analysis was obtained by digestion of 80 g of mouse EC-SOD with 1 g endoproteinase Asp-N (Sigma Chemical Co., St. Louis, MO) at room temperature overnight. Peptides from this digest were separated by reverse-phase high-performance liquid chromatography (HPLC) on a 2.1 mm ϫ 220 mm Aquaphore RP-300 column (Brownlee, Branchburg, NJ) as previously described (44) .
The purified peptides were analyzed by automated Edman degradation, using an Applied Biosystems Model 477A sequencer (Foster City, CA) with on-line phenylthiohydantoin analysis done with an Applied Biosystems Model 120A HPLC. Samples were applied to Porton (Beckman Instruments, Inc., Fullerton, CA) peptide or protein sample support discs, and were sequenced with the modified cycles PI-BGN and PI-1 recommended by Porton Instruments.
Computer-assisted Sequence Analysis
The IntelliGenetics Geneworks (Campbell, CA) program (Version 2.4) was used for organizing the DNA sequence data as well as for DNA and amino acid alignment. Homology searching was performed at the National Center for Biotechnology Information (NCBI), using the Basic Local Alignment Search Tool (BLAST) (45) network service and the nonredundant nucleotide sequence database (GenBank ϩ EMBL ϩ DDBJ ϩ PDB; release date: April 8, 1996) , and the nonredundant peptide sequence database (GenBank CDS translations ϩ PDB ϩ SwissProt ϩ SPupdate ϩ PIR, release date: April 8, 1996) . For prediction of the signal-peptide cleavage site, the programs SIGSEQ1 (46) and SIGSEQ2 were employed (47) . Phylogenetic relationships were calculated with an unweighted pair group method with arithmetic means (48) .
Mouse Lung
In Situ Hybridization B 6 C 3 F 1 mice (Taconic, NY) were anesthetized with pentobarbital (about 80 mg/kg) by intraperitoneal injection. The trachea was cannulated and the diaphragm was punctured to deflate the lung. The lung was subsequently inflation fixed with 4% paraformaldehyde buffered in 0.1 M sodium phosphate buffer, pH 7.4, at a water pressure of 20 cm, at 25 Њ C for 60 min. Next, the lung was excised en bloc and placed in 2% paraformaldehyde and 0.1 M sodium phosphate, pH 7.4, for overnight fixation at 4 Њ C. Following fixation, the lungs were mounted in paraffin, and 4-m-thick tissue sections were floated onto a protein free bath of distilled water and placed onto 3-aminopropyltriethoxysilane (APTS)-coated slides. The sections were deparaffinized by immersion in two changes of xylene for 10 min each. The xylene was removed with two changes of 100% ethyl alcohol for 5 min each, and the sections were then air dried. The tissue sections were next detergent-permeabilized by immersion into phosphate-buffered saline (PBS) for 2 min, followed by 15 min in 0.3% Triton X-100 in PBS at room temperature. The sections were next washed in two changes of PBS. The sections were proteolyzed by first placing them in 10 mM Tris-HCl, and 50 mM EDTA, pH 8.0, for 5 min, followed by incubation in 0.1 mg/ml proteinase K in 100 mM Tris-HCl and 50 mM EDTA, pH 8.0, for 4 min at room temperature. The slides were then immersed in 0.1 M glycine in PBS for 5 min at room temperature and rinsed in PBS for 1 min. The sections were acetylated by immersion in freshly prepared triethanolamine (0.1 M, pH 8.0) for 3 min, followed by immersion in triethanolamine (0.1 M, pH 8.0) containing 0.25% acetic anhydride for 1 min at room temperature. Following this, the slides were washed generously, using distilled water, and were air dried at 37 Њ C for 10 min prior to storage at Ϫ 70 Њ C.
In vitro transcription of digoxigenin-labeled sense and antisense-strand mouse EC-SOD cRNA was accomplished with digoxigenin-11-UTP, following a standard labeling-reaction assay recommended by the manufacturer (Boehringer Mannheim, Indianapolis, IN). Approximately 100 to 200 ng of digoxigenin-labeled probe was diluted in 50 ul of hybridization buffer (22.5% formamide, 5X SSPE, 2% SDS, 10 mg/ml polyvinylpyrrolidone, and 0.97 mg/ml salmon sperm DNA [Sigma]), heat denatured by incubating for 5 min at 95 Њ C, and hybridized overnight at 37 Њ C in a moist chamber. On the following day the slides were washed in 2X SSC buffer, followed by four consecutive washes in 2X SSC containing 0.1% SDS for 5 min each at 55 Њ C.
The digoxigenin label was developed with an antidigoxigenin antibody conjugated to alkaline phosphatase (Boehringer Mannheim). The slides were first washed in Buffer I, containing 100 mM Tris-HCl, pH 7.5, and 150 mM NaCl. Serially sectioned negative controls were incubated in Buffer I containing 2% normal sheep serum and 0.3% Triton X-100. Positive control sections were incubated in Buffer I containing antidigoxigenin antibody diluted 1:100 and containing 1% sheep serum and 0.3% Triton X-100, and were then incubated for 1 h at 37 Њ C. The slides were washed with several changes of Buffer I, followed by washing with several changes of Buffer II (100 mM Tris-HCl, pH 9.5; 150 mM NaCl; 50 mM MgCl 2 ). The antibody conjugate was developed by covering the specimens with a solution of 5-bromo-4-chloro-3-indoxyl phosphate and nitro blue tetrazolium chloride (BCIP/NBT), and incubating the specimens in the dark under conditions recommended by the manufacturer (DAKO Corporation, Carpinteria, CA). The sections were next counterstained with nuclear Fast Red.
Mouse Chromosomal Mapping
C3h/HeJ-gld and Mus spretus (Spain) mice and [(C3h/ HeJ-gld ϫ Mus spretus )F 1 ϫ C3h/HeJ-gld ] interspecific backcross mice were bred and maintained as previously described (49) . Mus spretus was chosen as the second parent in this cross because of the relative ease of detection of informative restriction-fragment-length variants (RFLV) in comparison with crosses made with conventional inbred laboratory strains.
DNA isolated from mouse organs by standard techniques was digested with restriction endonucleases, and 10-g samples were electrophoresed in 0.9% agarose gels. DNA was transferred to Nytran membranes (Schleicher and Schull, Inc., Keene, NH), hybridized at 65 Њ C, and washed under stringent conditions, all as previously described (50) . Clones used as probes for the linkage analyses included a rat cDNA obtained by RT-PCR cloning of the complete coding region of EC-SOD done with total RNA isolated from rat lung. Rat-specific forward, rEC-F23 (5 Ј -TTCTCAGGCCTCTAGCTGG-3 Ј ), and reverse, rEC-R1104 (5 Ј -TGGTCTCCGAGAACAGTGC-3Ј), oligonucleotides and were derived from previously published rat cDNA sequences (28, 29) . Additional clones for detecting dihydropteridine reductase (Qdpr) and the tod photoreceptor cGMP-gated cation channel were as previously described (51) .
Gene linkage was determined by segregation analysis (52) . Gene order was determined by analyzing all haplotypes and minimizing crossover frequency between all genes that were determined to be within a linkage group. This method resulted in determination of the most likely gene order (53) .
Results
Characterization of Mouse EC-SOD cDNA Clones
The initial isolation of a partial-length murine EC-SOD cDNA clone was accomplished with RT-PCR, using primers designed from areas of DNA sequence homology between a recently cloned rat (28, 29) and human EC-SOD cDNA (27) . A single PCR product of 759 bp was amplified and subcloned into a TA cloning vector. DNA sequence analysis of the 5Ј and 3Ј ends confirmed the authenticity of the cloned partial-length cDNA (data not shown). This partial-length clone was then used as a radiolabeled probe to screen a mouse lung cDNA library, from which three positive hybridizing clones were identified. The clone containing the largest insert, clone No. 5A-27, was completely sequenced on both strands (Figure 1 ). The insert cDNA was 1,834 bp in length, and contained a 269-bp 5Ј-nontranslated region, a 756-bp putative protein coding region, and a 790-bp 3Ј noncoding region, followed by a 19-bp poly A tract. A putative polyadenylation signal was found to occur 20 bp upstream of the poly A tract (Figure 1) .
A 251-amino-acid protein sequence was deduced from the cDNA. This sequence contains a predicted signal peptide followed by a mature protein domain. Computer algorithms that predict the site of signal-peptide cleavage either through the "-3, -1" rule, SIGSEQ1 (47) , or on the basis of a weighted matrix, SIGSEQ2 (47), indicate several potential satisfactory sites for cotranslation cleavage (Figure 1) . None of these algorithms supports signal-peptide cleavage between residues 24 and 25, and the algorithms furthermore suggest cleavage at this position to be highly unlikely.
Mouse EC-SOD is glycosylated, based on: (1) its binding affinity for concanavalin A (ConA) during protein purification; (2) the decreased apparent mobility of the purified protein on SDS-PAGE (34 kD, as compared with the predicted 24.9 kD); (3) its increased mobility with endoglycosidase treatment (data not shown); and (4) decreased mobility of the in vitro-translated cRNA product in a cotranslational reticulocyte lysate and canine pancreatic microsomal membrane assay (54) (data not shown). Mouse EC-SOD is predicted to be glycosylated (most likely at Asp 97 ), based on sequence homology with human EC-SOD (21). The high-mannose precursor glycosylation consensus amino acid sequence A-X-N (55) is conserved at this position (positions 97 to 99). The carboxy-terminal region contains a charged, uninterrupted, six-amino-acid basic domain, which most likely represents the site previously identified in human EC-SOD as having affinity for heparin Sepharose (17, 23, 56) .
Purification and Amino-acid Sequence Analysis of Mature EC-SOD
Mouse EC-SOD was purified to a final specific activity of 15,000 units/A 280 . Purified EC-SOD was found to migrate as two bands (34 kD and 32 kD) on reducing SDS-PAGE, as has previously been seen with human EC-SOD ( Figure  2) (57) . A faint 30-kD band was also observed. All three bands contained identical NH 2 -terminal sequences (Table  1) as determined by Edman degradation, indicating that the mass difference in these species is probably a result of C-terminal truncation, as has previously been described for human EC-SOD (23) . Sequence analysis of peptides generated by proteolysis of EC-SOD (Table 1) shows that they match the protein sequence predicted from the cDNA sequence, confirming the identity of the cDNA clone. Based on amino-terminal sequence results for purified mature EC-SOD, the mature mouse EC-SOD is predicted to be 227 amino acids in length, with a predicted molecular weight of 24,876 D.
A multiple-amino acid sequence alignment for mouse, rat, and human pre-EC-SOD is shown in Figure 3 . The mouse protein contains 79% sequence similarity to the rat protein, but only 60% similarity to human EC-SOD. A seven-amino-acid insertion starting at position 27 is unique to the mouse sequence (Figure 3) . The human sequence, compared with those of the mouse and rat, contains two small deleted areas of six and three amino acids starting at consensus positions 42 and 238, respectively (Figure 3 ). The most highly conserved region among these three species is the presumptive catalytic-site domain (consensus positions 126 through 225) (58) . Unlike human or mouse EC-SOD, rat EC-SOD exists as a dimer and has reduced affinity for heparin-Sepharose. A valine → aspartic acid substitution at consensus position 55 has been shown to be responsible for this biochemical difference (30) .
Murine EC-SOD Is Highly Expressed in Kidney and Lung
To investigate the expression of mouse EC-SOD in multiple tissues, total RNA from nine different tissues was analyzed with gel blot hybridization of RNA to a radiolabeled Figure 1 . cDNA sequence and amino-acid sequence for mouse EC-SOD. An 1,834-bp cDNA was isolated from a mouse lung cDNA library and DNA was sequenced in both orientations. The deduced amino-acid sequence for the predicted primary translation product is shown in the single-letter amino acid code. Underlined amino-acid sequences were confirmed by direct amino-acid sequence analysis of highly purified mouse lung EC-SOD and of its HPLC-purified tryptic peptides. The beginning of the mature protein sequence is indicated. Likely sites of signal-peptide cleavage predicted by SIGSEQ1 (↓) and SIGSEQ2 (↑) are indicated (47) . A putative site of glycosylation based on amino-acid sequence homology with glycosylated human EC-SOD is shown by a female sign. The positively-charged hexapeptide region important in heparin binding is marked with a solid cross. An asterisk indicates the termination codon. A putative polyadenylation recognition site is enclosed by a dotted box.
antisense cRNA derived from our PCR-cloned, partiallength EC-SOD cDNA. A discrete band of approximately 1.8 kb in length can be seen in most of the tissues examined ( Figure 4 ). To control for RNA loading and efficiency of blotting, the membrane was additionally probed with a radiolabeled 18S ribosomal RNA (rRNA) oligonucleotide (data not shown). The amount of EC-SOD RNA was quantified with Phosphorimager (Molecular Dynamics, San Francisco, CA) densitometry analysis and normalized to 18S rRNA. The kidney and lung were the dominant organs expressing EC-SOD, and when normalized to the brain, contained 60.5 and 30.2 times the quantity of EC-SOD seen in the brain. The spleen, heart, liver, large intestine, and brain contained 4.9, 3.3, 2.3, 1.2, and 1.0 relative amounts of EC-SOD RNA, respectively. Although not evident in the autoradiograph shown in Figure 4 , a unique band of EC-SOD expression was detectable in the brain and large intestine at longer exposures (data not shown). Figure 2 . Purification of mature mouse lung EC-SOD and its micro sequence analysis. Protein molecular weight markers (Lane 1) and 5 g of purified mouse EC-SOD (Lane 2) were subjected to SDS-PAGE, and the gel was stained with Coomassie blue. The arrows indicate bands corresponding to EC-SOD as determined by NH 2 -terminal sequence analysis. The upper, middle, and lower (faintly visible) EC-SOD bands contained the same NH 2 -terminal sequence. The arrowhead depicts the major contaminant protein (less than 5%), which was determined with N-terminal sequence analysis to be albumin. However, despite overexposing the blot to film, we were unable to detect EC-SOD RNA expression in small intestine and skeletal muscle. The patterns of EC-SOD expression described here have been reproduced by probing a second, independently obtained, multiple-tissue RNA blot (data not shown). The bands seen are felt to be specific, since hybridization with radiolabeled sense-strand EC-SOD cRNA showed no detectable hybridization signal (data not shown).
Mouse Chromosomal Localization and Fine Mapping
In order to determine the chromosomal location of the Sod3 gene, we analyzed a panel of DNA samples from an interspecific cross that has been characterized for more than 750 genetic markers throughout the genome. The genetic markers included in this map span 50 to 80 centimorgans on each mouse autosome and the X chromosome (for example, see the reports by Saunders and Seldin [59] and Watson and colleagues [60] 
kb).
Comparison of the haplotype distribution of the Sod3 RFLVs indicated that in 113 of the 114 meiotic events examined, the Mif locus cosegregated with Qdpr ( Figure 5 ), a locus previously mapped to mouse Chromosome 5 (61) . The haplotype distribution among other genes localized to mouse Chromosome 5 is shown in Figure 5 . The best gene order (53) Ϯ SD (52) indicated the gene order: centromere Qdpr-0.9 cM Ϯ 0.9 cM-Sod3-7.0 cM Ϯ 2.4 cM-Cncg.
Lung Alveolar Epithelial Type II Cells Predominantly Express EC-SOD
We used the technique of in situ hybridization to determine the cell type(s) expressing EC-SOD in the mouse lung. Normal mouse lungs were inflation-fixed, cut into 5-m sections, and hybridized overnight to digoxigeninlabeled sense and antisense strand EC-SOD cRNA. Labeling with an antisense-strand cRNA probe revealed a uniform pattern of distribution across each of the animals studied. Figure 6A demonstrates a typical pattern of observed labeling. Throughout this section, a purple-blue stain can be seen, predominantly over alveolar epithelial cells, in a pattern that is entirely consistent with that of alveolar Type II cells. Alveolar macrophages, a cell type occasionally seen in normal mouse lung sections, were also found to stain positively (not illustrated). Under the conditions of our in situ detection system, we were unable to detect labeling over endothelial cells, bronchial epithelial cells, bronchiolar epithelial cells, fibroblasts, smooth-muscle cells, or pleural mesothelial cells. When the tissue sections were incubated with a digoxigenin-labelled sensestrand, no signal was appreciable ( Figure 6B ).
Discussion
We have now cloned and characterized a full-length mouse EC-SOD cDNA. Of three EC-SODs now characterized, the mouse EC-SOD cDNA is the largest (1,834 bp) , fol- The density of each band was quantitated with Phosphorimager densitometry analysis. To demonstrate a weak signal in some tissues, the autoradiograph shown needed to be intentionally overexposed. Shorter exposure times were used to quantify the density of each signal. The histogram plots the EC-SOD mRNA density after normalizing to 18S rRNA. Lane 1, lung; Lane 2, liver; Lane 3, heart; Lane 4, kidney; Lane 5, spleen; Lane 6, small intestine; Lane 7, brain; Lane 8, skeletal muscle; Lane 9, large intestine. Migration of 18S and 28S rRNA is shown. lowed by rat (1,729 bp) (28) and human (1,432 bp) EC-SOD cDNA (27, 32) . As might be expected, computer-based homology search routines performed according to the BLAST algorithm (45) and using nonredundant protein and nucleic acid databases demonstrate highly significant matches of mouse EC-SOD to rat and human EC-SOD, followed by less significant matches to CuZn-SOD sequences (data not shown). Of note is that Mn-SOD does not show any homology, at either the protein or nucleic acid level, to EC-SOD. Amino-acid sequence comparisons show that the mouse and rat EC-SODs are more similar to each other (79%) than to human EC-SOD (60%). The magnitude of the species-specific differences in similarity for EC-SOD is less than that seen with either CuZn-SOD or Mn-SOD. For example, mouse and rat CuZn-SOD show 97% similarity (62), mouse and human CuZn-SOD show 84% similarity (62) , and rat and human CuZn-SOD show 83% similarity (63) . Mn-SOD is highly conserved between species, with 96% sequence similarity between mouse and rat, 94% similarity between mouse and human, and 93% similarity between rat and human Mn-SOD (64) (65) (66) .
The evolutionary pressures that have allowed more interspecies flexibility in the structure of SOD3 are unclear. The EC-SOD primary structure can be separated into four segments. Segment 1 includes the signal peptide. Segment 2 encompasses the mature, glycosylated NH 2 -terminus, where the majority of sequence diversity occurs. Segment 3 shows high sequence conservation with SOD1, and in particular with residues critical to enzyme catalysis and function. Segment 4 contains the COOH-terminal charged basic region important in heparan binding. One explanation for the lack of sequence conservation in segment 2 could be that the role of Segment 2 in the biology of EC-SOD is less pivotal than that of the other segments of this protein. Another possibility is that the gene for human EC-SOD is not the true gene homologue of mouse or rat EC-SOD. However, we find this unlikely, since human (31) and mouse (unpublished data) genomic Southern blots probed at low stringencies demonstrate a unique banding pattern consistent with a single gene locus for EC-SOD. Consistent with the variation seen in amino-acid sequence between species is the finding that polyclonal antibodies generated against human EC-SOD do not cross-react with mouse or rat EC-SOD (unpublished data).
Translation of the mouse cDNA predicts a 251-aminoacid secretory protein of 27,400 D, which is in excellent agreement with in vitro-translated protein from the mouse EC-SOD cRNA (data not shown). NH 2 -terminal sequence analysis of purified mature EC-SOD demonstrates the initial residues to be Ser-Ser-Phe-. These results would indicate that mouse EC-SOD, when initially synthesized, contains a 24-amino-acid precursor peptide. However, we The tissue sections were photographed at ϫ100 magnification. Although not shown in this figure, purple-blue staining was seen in alveolar macrophages. We were unable to detect a signal in bronchial epithelial, bronchial, or vascular smooth muscle, fibroblasts, or endothelial cells.
propose that this precursor peptide contains both a signal peptide and a propeptide. Computer algorithms that predict the site of cotranslational signal-peptide cleavage suggest that signal-peptide cleavage is most likely to occur between residues 18 and 19, or 20 and 21, and that cleavage between residues 24 and 25 is highly unlikely (47, 54) . In general, most signal-peptide cleavage sites follow the "-3, -1" rule, which states that amino acids found at positions -3 and -1 contain small aliphatic side chains (e.g., Ala, Ser, Gly for position -1, and Ala, Cys, Ser, Thr for position -3) (67, 68) . If the amino-acid residues at these positions contain large and/or bulky side chains, are sterically constrained (e.g., Pro), or are charged, then signal-peptide cleavage can be either prevented or redirected to other position(s) within the precursor protein (54) . Signal peptide cleavage between residues 24 and 25 is therefore highly unlikely, because the amino acid residues that correspond to positions -3 and -1 would be Pro and Glu, two amino acids that appear to preclude cleavage. What could be the role of this putative propeptide? One possibility is that the propeptide acts as an adapter to allow or facilitate signal peptide function, signal peptide cleavage, or posttranslational modification or transport. Such a function could be necessary if the seven-amino-acid insertion sequence at positions 3 through 9 in mature mouse EC-SOD would otherwise interfere with these possible functions. For example, propeptides can affect the specific site of cotranslational signal peptide cleavage (46) , as well as modify the efficiency of cotranslational translocation (69) .
Tissue-specific gene expression studies show the kidney and lung to be the major sources of EC-SOD mRNA in the mouse. When the same tissues were measured for EC-SOD enzyme activity, the lung showed 10 times the level seen in all other tissues, with the kidneys containing the second highest level (19) . Tissues that had low mRNA levels, such as skeletal muscle, also had minimally detectable EC-SOD enzyme activity. Thus, tissue enzyme levels appear to correlate well with mRNA levels for EC-SOD. These results suggest that EC-SOD remains localized to tissues that express and secrete EC-SOD. However, another possibility is that factors important in tissue localization of EC-SOD (e.g., heparan sulfates in the interstitial matrix, and/or proteolytic enzymes) are coregulated along with EC-SOD. We favor the former explanation, because transgenic mice that overexpress human EC-SOD under the direction of the highly lung-specific surfactant protein C promoter show transgenic human EC-SOD protein to be entirely contained within the lung and not detectable in other tissues (unpublished data).
Because EC-SOD is found at such high levels in the mouse lung, and shows high levels of gene expression, we sought to identify the cell type(s) that express EC-SOD in mouse lung. To our knowledge, the only previous studies that address the question of which cell types express EC-SOD have been done exclusively with various cell lines grown in cell culture. These results show that 25 different fibroblast cell lines and two glial cell lines express EC-SOD, whereas no expression is seen in six endothelial or two epithelial cell lines (34) . Using the technique of in situ hybridization, we found that the predominant source of EC-SOD mRNA was localized to alveolar epithelial cells whose pattern of staining is entirely consistent with alveolar Type II cells. Smaller amounts of positively staining signal were also present in alveolar macrophages. Under the conditions used, we could not detect expression of EC-SOD mRNA in alveolar Type I epithelium, bronchial epithelium, vascular endothelium, or interstitial fibroblasts. This pattern of gene expression in the lung is similar to that seen with inducible nitric oxide synthetase (iNOS) in both the rat (70, 71) and human (70) . In these examples, iNOS has been shown to be predominantly expressed by alveolar macrophages and alveolar epithelial Type II cells, with the subsequent release of nitric oxide (NO). It has been shown that the superoxide anion species reacts with NO to produce the toxic peroxynitrite anion species at diffusion-limited rates (72) . We speculate that one role of EC-SOD may be to maintain low levels of superoxide species in the alveolar region. Thus, in vivo conditions that upregulate iNOS expression with resultant increases in NO in the lung would be predicted to benefit from low levels of superoxide species. Such conditions would include a wide variety of inflammatory lung disorders, such as inhalation of pulmonary irritants (73) and intratracheal instillation of lipopolysaccharide (LPS) (71) .
The physical mapping of a gene locus can lead to serendipitous linkages to models of genetic disease and further biologic insights. In the current study, the mouse Sod3 gene was mapped to a position in the middle of mouse Chromosome 5. The Sod3 gene was tightly linked to the Qdpr gene, suggesting that the human EC-SOD homologue will map close to the same location (4p15.3) as the human QDPR locus. In accord with this prediction, the human gene SOD3 has recently been mapped to the short arm of human Chromosome 4 through somatic cell hybrid analysis (32) . A comprehensive list of all genetic loci reported to map to mouse Chromosome 5 has been compiled (61) . On the basis of this compilation, it can be discerned that Sod3 maps to a region on Chromosome 5 that is consistent with the genetic mapping of gad, a recently described animal model of central distal axonopathy in primary sensory neurons (74) (75) (76) . This finding is very exciting because mutations in SOD1 have been linked to familial amyotrophic lateral sclerosis (Lou Gehrig's disease) (6, 77) . Experiments are underway that will directly examine the possibly critical role of alterations in Sod3 in the pathogenesis of these types of disorders.
In conclusion, mouse EC-SOD is encoded within an 1,834-bp mRNA whose open-reading-frame analysis predicts a 251-amino-acid precursor protein. NH 2 -terminal sequence analysis of purified mature mouse EC-SOD protein, along with computer-assisted predictions of the site of signal-peptidase cleavage, suggest that when initially synthesized, this protein contains a 24-amino-acid prepropeptide followed by a 227-amino-acid mature protein domain. The role of the putative propeptide in co-and/or posttranslational protein processing has not yet been determined. Amino acid homology comparisons of mouse, rat, and human EC-SOD demonstrate more flexibility in allowing for mutations in its primary sequence, as compared with much greater conservation within the CuZnSODs and Mn-SODs. Of nine mouse tissues examined, the kidney and lung contained the highest levels of EC-SOD mRNA. Expression of EC-SOD in the lung occurred predominantly in alveolar Type II epithelial cells and alveolar macrophages, suggesting that these cell types play a central role in regulating extracellular antioxidant function.
